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MEASUREMENT OF THE OPTICAL PROPERTIES 
.• 
OF Ti02 THIN FILMS 
by David G. Coult 
ABSTRACT 
Determination of index of refraction, n, extinction coefficient, k, and 
physical thickness, d, of thin solid films is a difficult task, especially for 
highly absorbing materials. Ti02 films were deposited and Hadley's method 
used to determine these parameters using reflectance, R and transmittance, 
T versus wavelength data. These results were verified by calculating R and 
T versus wavelength from the determined values of n, k and d. Independent 
verification of the results were made by an outside lab. Solutions to 
problems encountered should be beneficial to anyone faced with such 
measurements. 
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I. INTRODUCTION 
Optical thin films are widely used today in many diverse applications to 
control the way light is reflected, transmitted, or absorbed as a function of 
wavelength. Many modern optical systems depend heavily on optical thin 
films for their function. In addition, optical thin films may become essential 
in the emerging field of integrated optics in which light signals could replace 
electrical signals in applications such as communications and computers. 1 
The term "thin" is used to indicate a layer whose thickness perpendicular 
to the substrate is on the order of the wavelength of interest and extends a 
·, 
very large number of wavelengths parallel to the substrate. Typical films 
0 
might range in thickness from 5x10- 8 m (500A) in the ultraviolet to 5xio- 7 m 
0 (5000A) in the infrared. Filters are composed of a stack of such layers 
alternating between high and low index and may have as many as 100 layers. 
Thin film filters operate by interference of the light reflected from the 
various layers as the light passes through perpendicular to the substrate. In 
integrated optics applications the thin film acts as a waveguide for light 
traveling parallel to the substrate. 
Ti02 has played an important part particularly in multilayer interference 
filters because Ti02 is the highest index material available with low 
absorption in the visible and near inf rared wavelength regions. To be useful, 
Ti02 thin films must have an index as high as possible, absorption as low as 
- 2 -
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possible, the proper thickness, and be durable. These properties must also be 
repeatable from one deposition run to another and be stable with time. They 
all depend upon deposition conditions and many times vary without any 
apparent reason. 
Optical thin films are often modeled as dense, homogeneous, parallel-sided 
slabs of material with the same properties as the bulk material. This, 
however, is rarely the case. They are usually not fully dense, having a 
0 
columnar microstructure with columns on the order of lxlo- 9 m (lOA) in 
diameter growing out from the substrate in roughly the direction of 
deposition. The films are often inhomogeneous due to variations in 
conditions during the deposition. Films are generally not stoichiometric and 
contain impurities. They also vary from one area of the substrate to another. 
These factors make it a difficult job to accurately determine thin film 
properties. ~n the design and fabrication of optical thin films ( antireflection 
coatings, edge filters, high-efficiency mirrors, etc.) the most important 
properties are the index of refraction, n, the extinction coefficient, k, and the 
physical thickness, d. In practice the microstructure is also important 
because if the films are not fully dense, they will absorb or give up water 
from the atmosphere causing the index to change with relative humidity. 
This causes instabilities in the film which sometimes makes it useless for the 
desired application and always makes measurement of the properties 
difficult. 
/ 
- 3 -
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Despite the problems a thin film may have on a microscopic scale, we can 
,/ 
. ·" I 
measure macroscopic properties such as n, k and d and use these to design 
useful coatings. Of the various approaches that have been developed over 
the years, the spectrophotometric method is an excellent way to measure 
these properties. It gives n an~ k over a range of wavelengths, is accurate 
enough for most applications and can be used for transparent or absorbing 
films. This paper describes the spectrophotometric method developed by 
Hadley and discusses some of the difficulties involved in applying it to 
dielectric thin films in general and Ti02 films specifically. 
II. THEORETICAL BACKGROUND 
A. REFLECTANCE AND TRANSMITTANCE OF THIN FILMS 
If we consider a light beam incident on a homogeneous parallel-sided film, 
the amplitude and polarization state of the light transmitted and reflected 
can be calculated in terms of the angle of incidence and the optical constants 
of the three regions involved. Figure 1 depicts this situation where region 1 is 
the incident medium, region 2 is the film material and region 3 is the 
substrate. R' is the reflectance of the film from the air side, R" is that from 
the substrate side and T is the transmittance through the film. These 
quantities do not include the reflectance from the back surface of the 
substrate. Region 1 is usually air with an index of refraction assumed to be 
equal to 1.0, the index of vacuum. Regions 2 and 3 can be transparent or 
- 4 -
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absorbing in whiGh the complex index of refraction is given by n - ik where n 
is the refractive index and k is the extinction coefficient. At optical 
frequencies, n = v:-; where € is the dielectric constant of the material. The 
extinction coefficient is related to the absorption coefficient, a, by the 
• expression: 
a= 
41rk 
X 
where a determines the intensity, I transmitted through an absorbing 
medium by the well known exponential law of absorption: (2) 
The reflectance and transmittance at the boundaries between these 
regions can be conveniently expressed in terms of the Fresnel coefficients. 
When the regions are absorbing these terms are large and cumbersome but 
simplify greatly into terms involving only n if the regions are transparent. 
These expressions are well developed and can be found in many standard 
references (3, 4, 5 ) . 
. B. CHOICE OF METHOD FOR MEASURING OPTICAL 
PROPERTIES 
As mentioned above, if we assume homogeneous, isotropic, parallel-sided 
films with known optical properties we can calculate their reflectance and 
transmittance without any ambiguity. However, if we measure a film's 
- 5 -
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optical response it is much more difficult to determine its index of refraction 
and extinction coefficient because there are no analytical solutions to the 
inverse problem. In addition, real films are not without defects. 
A number of methods have been developed over the years to measure n 
and k of films and bulk materials (3,6,7). The main methods are: 
1. SPECTROPHOTOMETRIC METHOD 
~; 
Using this method it is possible to measure n and d over a thickness range 
0 
of a few hundred A to several wavelengths. However, the accuracy depends 
upon how precisely the absolute reflectance can be determined which is 
always a difficult measurement. 
2. POLARTh1ETRIC METHODS 
0 
These meth-ods are good for n and d over a range of < IOOA to several 
wavelengths. They are capable of higher accuracy than photometric methods 
because measurements are made of the ratio of two reflected beams rather 
than an absolute measurement. The potential accuracy is ±0.0005 for n and 
±0.2% for d. However, there are a number of disadvantages. Complex 
. calculations are necessary which require a powerful computer and software. 
These calculations assume homogeneous films whereas measurements are very 
sensitive to film microstructure which is rarely homogeneous. The 
measurements are made at a non-normal angle of incidence which is not 
always desirable. Measurements are also good at only one wavelength which 
- 6 -
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is usually that of a HeNe laser at 6328 angstroms. There are instruments 
designed to scan wavelength but they are rare and very expensive. 
3. BREWSTER ANGLE 
0 
This method measures n and d for films from a few hundred A to several 
wavelengths with an accuracy of ± 0.0002 for n and 1-2% for d. 
Measurement of d requires an absolute reflectance measurement and is only 
good at one wavelength. 
4. ABBE REFRACTOMETER 
This method measures n but only on bulk materials or on films greater 
than 2 microns thick. The accuracy is ± 0.001 and is again only good for one 
wavelength. 
C. HADLEY'S METHOD 
Lawrence Hadley proposed a spectrophotometric method in 1947 (8) which 
has been widely used over the years. Hadley's method involves the fallowing 
procedure: 
1. Measure R~, Ri and T 0 vs wavelength. These measurements include 
the contribution due to multiple reflections from the back surface of the 
substrate. 
-
' . 
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R~ = reflectance measured from film side 
Ri = reflectance measured from substrate side 
T0 = transmittance measured from either side 
These curves are corrected for errors in the values of the zero and 100% 
(or high reflectance standard). The zero offset is added or subtracted to each 
value whereas the 100% is a ratio across the scale. 
2. We want R', R" and T so we must correct for the reflectance from the 
back surface using the equations (9): 
R' = R~ - RsT2 
where: 
To 
T = Ts(l + RsR" 
and: 
R " - R R'' = o s _ T; 
R8 is the Fresnel reflection from the one surface of the uncoated substrate 
and is given by: 
Ilo-ns 2 
no+ns 
T5 is the transmittance of one uncoated surface and is given by: 
/ - 8 -
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• 
Ts== 1 - Rs 
• 
3. Measure the physical thickness of the film. Methods include using a 
stylus profifometer and interference techniques. These methods are not 
always _accurate and require another expensive piece of equipment. Thus 
another approach is to use the half and quarter-wave peaks in the 
spectrophotometer curves to determine physical thickness (9). The only 
problem is that we have one equation and 2 unknowns (ie: n and d): 
m A= 4 nr d 
The way around this is to estimate a value of n based on the value of R 
where: 
nr = 
l + v'R 1/2 
Iloils 1 - JR 
4. These values of d, R' and T along with A and n5 are put into the 
program worked out by Hadley (10). This calculates the value of n and k. If 
n *d is different than the measured value, other inputs are chosen and the 
process is iterated until the new value of n*d agrees with the measured value. 
This process can be repeated for other wavelengths to determine a 
dispersion curve. A check on the value of d can be made from these results 
at other wavelengths. --The only requirement on the film is that it be thick 
enough to get several orders of· interference near the wavelength of interest. 
- g -
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Since our measurements of n and k are most accurate at the quarter wave 
points, it is more difficult to obtain curves of n and k as a function of 
wavelength in a region of high dispersion. The error of this method for 
determination of n is less than the error in measuring R. The expression for 
the error is (5 ): 
nr4 - nJn; 8R 
= -------= 
8n0 nrns R 
D. Ti02 - MATERIAL PROPERTIES 
1. Introduction 
VR m 
2(1-R) R 
In bulk form Ti02 can exist as amorphous or one of three crystalline 
forms: rutile, anatase (mineral name octahedrite) or brookite. Rutile has a 
tetragonal crystal structure, melts at 2103-2123 ° K, has a density of 4.26, and 
is inert and colorless. It has an index of refraction at 550 nm of 2.652 for the 
ordinary axis and 2.958 for the extraordinary axis. These properties make it 
ideal as a white pigment. Anatase also has a tetragonal crystal structure but 
has a density of 3.84, a refractive index of 2.554/2.493 and is brownish-black. 
Brookite is orthorhombic with a melting point of 2098 ° K and a density of 
4.17. Brookite and octahedrite are rare minerals. In thin film form, brookite 
is unstable and anatase converts to rutile when heated to 1070-1170 ° K. 
Rutile is transparent from 4x10-1 m to 1.2x10- 5 m (0.4µm to 12.0µm). 
- 10 -
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The properties of Ti02 in thin film form often differ markedly from the 
bulk properties. The optical properties are strongly dependent on tb~ 
deposition conditions, since this is what determines the microstructure, 
crystallography, stoichiometry, homogeneity, isotropy, defect density, etc., of 
the films. For example, the refractive index of Ti02 thin films measured at 
550 nm ranges from 2.27 to 2.47; it is lower than the bulk value of 2.65 and 
varies with deposition conditions. In addition, films often age due to 
recrystallization, surf ace and volume oxidation, water adsorption, etc. Let's 
look closer at some of the reasons for this variation. 
2. Microstructure 
... 
For many years, those making optical thin films have been plagued by the 
problem of shifting in the transmittance vs. wavelength characteristics. The 
engineer painstakingly deposits a 45-layer edge filter, vents the system, and 
takes out the substrate. A visual inspection tells him that he finally has the 
perfect filter. But as he walks across the room to the spectrophotometer, he 
watches the color shift until by the time he has it measured it has shifted 
completely out of specification. Figure 2 shows this type of behavior for a 
31-layer Ti02/Si02 long wave pass edge filter (11) used for wavelength 
division multiplexing. In addition to shifting, blotches and discolorations are 
not uncommon (12). 
There have been m!ny. theories over the years as -to th-e cause of these 
- 11 -
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effects. But today we know that most of these problems are due to a 
columnar microstructure of the films. Most dielectric and many metal films 
exhibit this microstructure in which columns on the order of a few hundred 
angstroms in diameter grow out from the substrate with their axes parallel to 
the growth direction. Since the packing density is less than unity, there are 
pores which take or give up liquid water by capillary condensation depending 
on the relative humidity of the surroundings (13). 
This columnar microstructure has a profound effect on the films as 
follows: 
1. It lowers the packing density. 
2. This effectively lowers the layer index. 
3. Index and density are anisotropic since the columns may change 
size from top to bottom. 
4. The films become humidity-sensitive. 
5. Layer-to-layer and run-to-run variation is high since column size is 
not repeatable. 
6. These columns act as scattering centers for light. 
7. Mechanical integrity of the film is lower. 
Figure 3 shows SEM photos of the film from Figure 2 showing these columns 
growing out from the substrate, especially in the Ti02 layers (11 ). As water 
~-
•. J' 
,. 
- ... 
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of refractive index 1.33 displaces air of refractive index 1.00, it raises the 
index of the layer and shifts the cutoff to longer wavelengths. Thus, this 
particular ffiicrostructure causes optical and mechanical instabilities which 
are highly undesirable. 
3. Stoichiometry 
When heated in a vacuum, Ti02 dissociates into sub-oxides such as TiO, 
Ti203, and Ti305. This is true of many other refractory oxides such as Zr02, 
Y 20 3, T~05, and Nb205. Therefore, they must be evaporated in an oxygen 
atmosphere on the order of 5x10- 5 torr ( called reactive evaporation). Some 
feel oxidation takes place at the evaporation source or en route to the 
substrate, but most authorities believe recombination takes place at the 
,,., 
# 
substrate. Thus to get one titanium atom to combine with two oxygen 
atoms, we must have the proper evaporation rate, partial pressure of oxygen, 
substrate temperature, and possibly other conditions such as kinetic energies 
of the atoms, substrate surface conditions, residual gases, etc. Too little 
oxygen and the index and absorption go up; too much oxygen and the film is 
even more porous. 
AB an example of how substrate temperature affects stoichiometry and 
therefore index of refraction, Ti02 deposited on substrates at 473 ° K (200 ° C) 
has an index of 2.22 at 750 nm whereas at 673 ° K ( 400 ° C) the index is 2.40. 
Variation of index with oxidation state of Si is even more striking. Si02 has 
- 13 -
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an index at 550 nm of 1.46. As the film becomes oxygen deficient, the index 
i~creases monotonically up to 1.Q for SiO while pure Si has an index of 3.4 
and is highly absorbing. 
Even when we try to minimize variation, the index can often vary by ±0.1 
{ie: ±5%). And thickness control of ±1% is considered very good. By 
contrast, lens designers can specify refractive index to ± 5x10- 6 (± .0003%) 
and thickness to ±0.01% realizing·that this can be manufactured. In order 
to improve this situation, we must understand how the deposition conditions 
affect these properties. 
E. NUCLEATION AND GROWTH 
1. Historical Background 
In the 1920's and 30's Volmer and Weber (14) and Becker and Doring (15) 
proposed a classical thermodynamics approac.h to homogeneous nucleation 
from a liquid melt. It was believed that condensing films also formed by 
nuclei which grew and coalesced to form a continuous film. With the 
development of the scanning electron microscope in the 1g5o's, these theories 
were draII1:atically proven to be true. Due to the great demand for high 
quality thin films and single crystals for use in electronics, there was an 
explosion of papers in the 1960's dealing with many different aspects of 
..,, . 
nucleation and growth, including the vapor ~ solid transformation. ~ 
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In the 1Q70's the number of papers was greatly reduced, since by that 
time there was rather broad agreement on the basic theory of nucleation and 
growth. However, in applying these theories to specific materials systems it 
was found that there are no generalities. The theories quickly break down in 
light of the extreme complexity of the surface interactions. As a result there 
has recently been a dramatic increase in experimental work aimed at sorting 
these factors out. Much of the work is being perf armed by molecular beam 
epitaxy and is aimed at semiconductor applications. Ken Jackson predicts 
that in the next 5 years we will see great advances in our understanding of 
surface nucleation and growth (16). 
2. Zone Model 
Movchan and Demchishin {17) proposed a structural zone model of growth 
in which the microstructure of films can be predicted from the ratio of the 
substrate temperature to the melting point of the evaporant. Thornton (18) 
extended this to include evaporation of complex alloys as well as including 
the effect of the partial pressure of inert or reactive gases. Zone 1 (low 
substrate temperature) consists of loosely packed, tapered crystallites, zone 2 
is columnar grains, and zone 3 (substrate temperature near the melting point 
of the evaporant) is made up of. equiaxed grains. Both Movchan and 
Demchishin, and Thornton obtained the same basic results although the 
transition values are somewhat different. It -is important to note that these 
values are gradual and not sharply defined. Also, not all zones are found in 
- 15 -
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every material. For example, zone 3 is not. present in high melting point 
materials. And pure metals do not have a transition zone. In general, when 
the ratio is less than 0.45, strongly columnar growth results. In conventional 
Ti02 evaporation, the ratio of substrate temperature to melting point is in 
the range of 0.22 to 0.32 and thush-results in a marked columnar growth as 
shown in Figure 3. 
3. Self-Shadowing 
-
In addition to ad atom mobility, another very important factor in the 
formation of a columnar microstructure is self-shadowing. It has been 
empirically determined that the angle of incidence of the vapor, a, is related 
to the angle of the columns, /3, by the "tangent rule" (figure 4): 
2 tan (3 = tan a 
' 
Strong evidence that this columnar microstructure is due to shadowing 
was provided by Henderson (IQ) and Leamy (20). They did a computer 
simulation in which hard spheres were "evaporated" onto a substrate and 
allowed to move on the surf ace only until they found the nearest low energy 
pocket formed by 3 spheres in contact. This simulation agrees very well with 
observed growth structures and follows the tangent rule. This is surprising 
since it only considers geometric shadowing and. limited mobility and does not 
incorporate crystal structure, thermal energy, facet formation, residual gases, 
oxygen adsorption, etc. Assuming limited adatom mobility takes care., of all 
- 16 -
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these factors. 
In summary, a columnar structure is observed for many materials: high 
melting point elements like Cr, Be, Si, Ge; compounds like Ti02, Zr02, 
Al20 3; non-noble metals evaporated in a residual atmosphere of 0 2 like Fe 
and Al; and compounds with a high binding energy like CdTe, CeF2, and 
PbS. It is due to a combination of limited adatom mobility plus self-
shadowing. However, if the adatom surface mobility is high enough, the film 
will not have a columnar microstructure. Thus, Au and Ag films can be 
deposited at large angles on heated substrates and show no columnar 
anisotropy due to high surf ace mobility of the ad atoms. 
F. ATTEMPTS AT IMPROVED PROPERTIES 
In recent years researchers have reported on • various methods for 
improving the properties of optical thin films by eliminating the columnar 
structure and improving the stoichiometry. All the methods involve 
increasing adatom mobility and can be roughly grouped into those involving 
alternate deposition techniques (primarily sputtering) or those that add 
energy at the surface in some manner. 
1. Sputtering 
Motovilov (21) fabricated multilayers of Ta20 5/Si02 by DC sputtering 
which they claim showed no spectral instability over a three-year perio~. 
They attributed this to a reduction in the pores normally found in 
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evaporated films, although measurements of packing density were not 
mentioned. This success was reported in 1974, but no one seemed to pursue 
it. 
RF sputtering has been used to produce optical films in a wide range of 
materials. Coleman {22) reported depositing films of Ti02, Zr02, Ce02, SiO 
and Si02. No data was given on the packing density although the high 
values of refractive index suggest it is approaching unity except for Ti02 
where the packing density appears to be lower. Humidity stability and film 
adhesion were excellent. Slusark {23) reported equivalent results for films of 
Si02 and Al20 3• Misiano and Simonetti {24) explored co-sputtering of Si02 
with Ti02 or Ce02. Workers at Hitachi (25) reported a spectral shift of ±2 
nm (at 550 nm) after baking RF sputtered films of Ti02/Si02 for 1 hour in 
air at 500 ° C. Holm and Christensen (26) reported depositing a Ti02/Si02 
bandpass filter by RF sputtering that had a humidity sensitivity "below 
detectable levels". 
Pawlewicz and Martin at Battelle Pacific Northwest Laboratories have 
done a great deal of work in the area of RF sputtered optical films, primarily 
for solar cells and high damage threshold laser coatings. They have 
successfully sputtered oxides, nitrides, carbides, hydrides and II-VI 
compounds. In Ti02 films they were able to control the phase composition 
from 40% rutile/60% anatase to 100% rutile and grain size from glassy ( <10 
nm) to 60 nm diameter (27). Phase composition has negligible effects on the 
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index of refraction and laser damage threshold. However, grain size has a 
very dramatic affect on both the laser damage threshold and refractive index. 
For 100% rutile films a grain size of 60 nm gives an index that matches the 
single crystal rutile value of 2.4 at 1 µm wavelength whereas for glassy films 
the index is only 2.0. They suggest that this is one explanation for the 
discrepancies often found in the literature. And humidity stability of their 
sputtered films is high. 
Martin (28) reported that Si3N4/Si02 edge filters deposited by reactive 
RF sputtering showed spectral shifts less than ±2 nm (at 600 nm) after 15 
months in 85 ° C /85% relative humidity. These results are promising since 
conventional films would shift in the range of 35 nm. 
Although sputtered films were produced more than 10 years before 
evaporated ones, sputtering has been a slower, less flexible process and has 
not been used much over the years. Some of the limitations due to speed 
may be removed with the development of high rate magnetron sputtering (see 
Van Vouros, ref 29). 
2. Ion Plating 
'I 
This technique has been used very successfull_y to produce tough, durable 
, 
coatings mainly for tribiological and other metallurgical applications. 
However, M. Bowden (30) at Newcastle upon Tyne Polytechnic has produced 
ZnS films for the infrared which, though normally a soft coating, cannot be 
~ 
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scratched with a razor blade and which do not show evidence of damage after 
fifteen minutes of abrasion with a rapidly rotating windshield wiper blade 
pressed against the substrate in a slurry of sand and water. 
These coatings are produced by evaporating the material through a glow 
discharge in which the substrate is part of the cathode. Improvements in 
adhesion and durability are due mainly to the bombardment of the growing 
film by ions and energetic neutrals. Spalvins (31) has recently done a survey 
on ion plating sources. 
3. Activated Reactive Evaporation 
As mentioned previously, refractory oxides such as Ti02 dissociate when 
heated and must be deposited in a background of oxygen to be fully oxidized 
on the substrate. 1-Ieitmann (32) partially ionized the oxygen (activated 
reactive evaporation) and produced films of Ti02, Si02 and SiOxNy which 
were superior to conventional reactive evaporation. The index of the Ti02 
films was 2.2 to 2.3 at 550 nm which is lower than the single crystal value of 
2.95 indicating that the packing density is less than unity. However, he 
reported the absorption is less than 40 cm- 1 indicating that the film is 
stoichiometric Ti02• Thus it appears his ion source made the oxygen more 
reactive but did not increase the adatom mobility enough to improve the 
packing density. 
Ebert (33,34) improved on Heitmann's source by using the substrate 
t 
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tooling as one electrode. Most of the ions from Ebert 's source have energy 
less than 100 eV. These ions improve the oxidation of the films. However, 
there is a high energy tail which damages the film. Thus an optimum ion 
current must be determined, typically 300 µA/cm 2• Allen {35) has reported 
similar success with Ti02 an~ Si02 using an Ebert source. 
4. Ion Beam Sputtering 
Another successful sputtering technique is ion beam sputtering. Here the 
source material is sputtered at low chamber pressure by a beam of ions, 
usually Ar+, produced by Kaufman type ion source. Cole (36) reported < 1 
nm shifts and high index of refraction for Zr02, Y20 3 and Al20a sputtered 
with 2 kV, 100 mA argon ions. They have an interesting application for 
humidity insensitive films. Their film is a beamsplitter mounted on a fighter 
pilot's helmet for a head's up display (i.e.: the important instrument 
readings are projected on the beamsplitter so the pilot does not have to look 
down at his instrument panel). The problem is that when things get hot the 
pilot sweats causing the filter to shift out of specification and his display 
fades away at the worst possible moment! 
I 
A variation of this technique is to sputter the material with one ion source 
. . 
at high power while bombarding the growing fil:J?l with another lower power 
beam. Rumor has it that this method has produced very high quality mirrors 
for ring laser gyroscopes. However, no one is publishing any of these results. 
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5. Ion-Assisted Evaporation 
OJne disadvantage of sputtering techniques is that the deposition rate is 
very slow and it might take several days of coating to produce one 35 layer 
filter. One successful solution has been to use an electron beam gun as a 
standard deposition source but then bombard the growing film with ions. 
This is called ion-assisted deposition and there have been a number of papers 
on this technique in recent years. Netterfield (37) reported on shift in Zr02 
films deposited with 1200 eV Of ion assistance. And the index of refraction 
reaches the bulk value of 2.177 with 0 2 ion current density above 
100 µA/ cm 2• The key in all these various techniques is that they increase the 
adatom mobility. This is in agreement with our present understanding of 
nucleation and growth. 
llI EXPERIMENTAL PROCEDURE 
A. VACUUM DEPOSITION 
The vacuum system used was a Davis and Wilder 760 mm (30 in.) 
diameter by g10 mm (36 in.) high stainless steel belljar pumped by a Varian 
model VHS-400 diffusion pump rated at 8000 1/s (Figure 5). The roughing 
pump was a 68,400 1/s {40 cfm) Alcatel direct drive pump. Water vapor was 
pumped with a liquid nitrogen cold trap. The films were deposited by 
electron beam. gun evaporation with an Airco Temescal SFIH-270-2 electron 
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gun and CV-8 power supply wit
h x-y sweep. Deposition rate w
as controlled 
t 
with an Inficon IC-6000 deposit
ion controller using a 6 ivfHz qu
artz crystal 
microbalance. Optical thickness
 was controlled with an Eddy LM
-101 optical 
monitor using reflected light. S
ubstrate temperature was contro
lled using a 
chromel/alumel thermocouple n
ear the substrate and four-1000
 watt quartz 
heaters. Oxygen partial pressure
 was controlled with an Eddy PC
-200 partial 
pressure controller. A Hewlett-
Packard HP-87 was interfaced to
 the system 
and used to control the enti
re deposition process. All the
 controllers 
mentioned above use closed-l
oop control. In addition, th
e substrate 
temperature was verified with 
a Vanzetti infrared thermal mo
nitor which 
looked at the substrates at a wa
velength of 5 microns where glas
s appears to 
be a blackbody. Residual gase
s were monitored with an Infi
con IQ-200 
residual gas analyzer. 
Titanium dioxide was vacuum de
posited onto 25.4 mm square by 
1.65 mm 
thick fused quartz substrates (38) by reactive ev
aporation. Fused quartz was 
used because it is environmental
ly stable, low index, and has an 
index that is 
very well characterized (39,40). Figure 
6 shows the dispersion curve use
d for 
calculations. The substrate te
mperature during deposition w
as 423 ° K 
. 
0 
(150 ° C) and evaporation rate was 2.25
 A/sec. Oxygen was bled into 
the 
system and maintained at a pres
sure of 1.0xlo- 2 N/m2
 (7.6xlo- 5 torr). Two 
samples were coated' in each ru
n - one · with its face normal t
o the vapor 
stream and the other at 30 deg
rees. These substrates were hel
d station~ry 
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during deposition. 
B. CHEMICAL AND MICROSTRUCTURAL ANALYSIS 
1. Evaporation Material 
The starting material used for evaporation was Ti02 catalog number 
11771 supplied by EM Industries (41). It is actually a dark grey sub-oxide 
that is pre-melted under vacuum specifically for this application. Several 
analyses were done on this material to determine its chemical composition, 
purity and crystal structure prior to deposition. 
Auger Electron Spectroscopy (AES) detected surface contamination in the 
. 
as-received sample of 20.0% carbon and 1.9% calcium (percent relative 
atomic concentration). The sample was sputter etched in-situ by a 5 Kev 
Argon ion beam for 10 minutes to remove contaminants due to handling and 
obtain spectra which would be more representative of the bulk 
concentrations. Carbon concentration was still detected at a level of 3.7% 
after the sputter clean. However, no calcium was then detectable. The 
Auger spectra are shown in Figures 7 and 8. 
An Electron Microprobe analysis was also done to determine sample 
. purity. An Energy Dispersive X-ray analysis turned up Ti, Ca, Si, and 
possibly Fe. Carbon was not detected since a standard EDS detector was 
used that cannot see elements lighter than Na. Wavelength Dispersive X-ray 
analysis was then used for highest accuracy. The following impurities were 
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found: Carbon - 3.3 wt%, Calcium - 0.1 wt%, Iron - 0.02 wt%, Silicon - 0.01 .. 
wt%. This analysis agrees well with the Auger analysis. 
An x-ray spectrometer was used to determine the crystal structure of the 
starting material. The material is predominately rutile - ten rutile peaks 
were found although two large peaks defied identification and may be related 
to the carbon impurity. 
2. Ti02 Thin Film 
,. 
J 
In order to do chemical and microstructural analyses of the titania film a 
deposition was made under identical conditions on a single crystal silicon 
substrate. This included coating two substrates - one at normal incidence 
and one at 30 ° • 
A Rutherford Backscattering (RBS) analysis of the films was performed 
using 2.25 MeV He ions. The O /Ti ratio was 2.11 ± .15 for the sample at O 0 
and 2.10 ± .15 at 30 °. An Auger analysis turned up negligible impurities 
and an O /Ti ratio that agreed with the RBS analysis to within experimental ·-
error. This indicates a film that is stoicl).iometric Ti02 or perhaps has a very 
I 
small percentage of excess oxygen which could easily have been trapped in 
the film during the reactive evaporation process. 
. .. 
. 
' An Auger in-depth profile was also performed in which 0, Ti, and Si were 
... 
monitored while the film was being sputtered away. This analysis showed 
that the films are very uniform throughout (see figures g and 110). It also 
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showed that the film deposited at 30 ° was thinner than the one deposited at 
normal incidence. 
,-
- \ 
Transmission Electron Microscope (TEM) micrographs and diffraction 
studies were performed on both samples perpendicular to the film (see figure 
I 
11). These samples were prepared by waxing the film to polished sapphire 
and etching a 3mm hole through the silicon substrate with a standard silicon 
etching solution (5% nitric acid, 3% hydrofluoric acid, and 3% acetic acid). 
The sample was then removed from the sapphire and cleaned in warm 
trichloroethylene. 
Both O and 30 degree samples were polycrystalline with a grain size of 
0 
approximately 200 A (measured from the dark field photograph). For the 
diffraction analysis the microscope was calibrated with both gold and 
aluminum standards. The camera constant was 
. 0 
AL = r d = 35.34 mmA 
By using the data compiled by the Joint Committee on Powder Diffraction 
Standards, both films were determined to be anatase (see tables 7 and 8). 
The data for anatase is high reliability, card # 21-1272, 1971. The only real 
diff ere nee in these two samples was that at 30 ° the film seemed to have a 
slight preferred orientation as shown by the rings being brighter along certain 
orientations in the diffraction pattern. 
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C. MEASUREMENT OF REFLECTANCE AND 
TRANSMITTANCE 
Reflectance and transmittance of the films were measured using a 
Perkin-Elmer ( 42) model 330 lN /VJ.S /NIR spectropotometer over the range 
600-2500 nm. Reflectance was measured from both the coated side and the 
uncoated side. Transmittance was also measured from both sides although 
the curves were identical as expected. Measurements were repeated and 
agreed to < 1 nm in wavelength and <0.1 % in photometric value. Figures 9 
through 16 show these curves for runs 86-670 and 86-671 for samples at O and 
30 degrees. 
Reflectance was measured at an angle of incidence of 12 degrees using a 
specular reflectance attachment and a gold mirror as a high reflectance 
standard. The gold mirror was supplied by the National Bureau of Standards 
(43) as Standard Reference Material 2011, serial number 22. It was produced 
by electrodepositing nickel on a hard aluminum substrate 51mm in diameter 
by 12mm thick. The nickel was optically polished to 1-2 fringes at 587.1nm. 
Gold was electrodeposited on the ni'ckel and aged one year prior to 
measurement. Table 1 lists the reflectance which is certified to be within 
+0.005. Figure 17 shows the curve used for correction of data. Wavelength 
was calibrated using a didymium glass filter from the National Bureau of 
Standards, Standard Reference Material 2010. 
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The maximum and minimum points corresponding to the quarter and 
half-wave points on the R and T curves were determined by eye. These -
points give R~, Ri and T0 used for dete~mination of n and k as well as the 
wavelengths where they occur which gives the film thickness. R~, R~ and T 0 
can be read from the spectrophotometer curves to within ±0.1 %. However, 
there is an uncertainty in determination· of the wavelength of ±0.5% at 
longer wavelengths. This is because at longer wavelengths the peaks are very 
broad. Also the peaks are not symmetric on the wavelength scale and get 
closer together at shorter wavelengths. 
The Perkin-Elmer was run in the first derivative mode to see if this would 
be a sensitive method of determining the turning points. It was found that 
the curves would need computer smoothing before taking the first derivative 
because small variations in the spectrophotometer data due to noise caused 
large fluctuations in the first derivative curve (see figure 12). 
D. CALCULATION OF n and k 
Once the values of R~, Ri and T 0 were picked off the curves, they were 
corrected for any deviation of the O and 100%. The correction was then 
made for back surface reflectance. A data base spreadsheet was generated 
using an AT&T PC6300+ and LOTUS 123 to do these calculations 
automatically. The measured zero, 100% (or standard gold mirror), uncoated 
and coat,ed values were entered along with the wavelength for each maximum 
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and minimum. The following calculations were performed: 
< 
1. The index of fused quartz was calculated for each wavelength 
using a Sellmeier equation developed by Malitson (40): 
2 _ _ 0.6961633 A2 0.4079426 A2 0.8974794 A2 
n 1 - >.2-(0.0684043)2 + ).2-(0.1162414)2 + >. 2~(9.896161)2 
~ 
2. R8 was calculated from this value for ns. 
3 . .. R~, Ri and T0 were corrected for errors in zero and 100% value. 
4. Corrections were made for "'backsurf ace reflection using the 
formulas listed above. This gives desired values of R', R" and T. 
5. These values were put into the Hadley program along with the 
estimated value of d and iterated until a solution was found. 
IV. RESULTS AND DISCUSSION 
A. MEASUREMENT PROBLEMS 
The results of these calculations are shown in tables 2 - 5. Two problems 
were encountered with the spectrophotometer data. One was that at some of 
the quarter-wave positions R + Twas greater than 100% by as much as 4%. 
Another curious observation was that R' was less than R" by 1-2% at the 
quarter-wave points. At the half-wave points everything is as it should be. 
R' = R" = Rs to within ±0.1% and R + T = 100% +1% -0%. These 
problems can be seen in the data of tables 2 - 5. If there is no absorption, R' 
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would equal R" at all wavelengths. If the films exhibited absorption, R' 
· should be greater than R" by a fixed amount regardless of wavelength. 
Figure 18 is a computer generated curve showing R' and R" for various 
amounts of absorption. If the films are inhomogeneous, the reflectance at the 
half-wave point may be greater or less than the uncoated substrate but will 
--.. 
not give the curves obtained. 
As a check on the measurement of R', the reflectance was measured from 
' 
the coated side with another fused quartz substrate index matched to the 
back to eliminate the backsurf ace reflection. The backsurf ace of the second 
substrate was ground and painted flat black to eliminate any reflection from 
there (figure 19). These values were corrected as before for errors in zero and 
gold standard giving R' directly. This was done on sample 86-671 at 0 
degrees and agrees very well as seen in table 6. 
These measurements were very repeatable both with time and from run to 
run. It was thought that this problem in measuring R could be due to 
geometric movement of the beam from the second side to cliff erent areas of 
the detector. This could be caused by a wedge angle in the substrates. The 
substrates were rotated on the sample stage and R was the same to <0.1 %. 
There may be an effect d.ue to polarization since the sample is being 
measured at 12 degrees or so~e other problem due to the specular reflectance 
attachment. It might be possible to avoid this by replacing the specular 
' 
reflectance attachment with an integrating sphere. 
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In order to calculate n and k the values of R' and T were normalized so 
that R' + T = 100% for wavelengths where R' +T > 100% and put into the 
Hadley program. In addition to being listed in tables 3 - 5, n was plotted vs 
~ in figures 20 and 21. Notice that the dispersion curves for 30 ° are less 
than that for O O but from one run to another they are essentially identical. 
This drop in index is most likely due to the 30 ° film being more porous. 
The spectrophotometric data points out that the film deposited at 30 ° is 
thinner than the one deposited at O O (see tables 2 through 5). This can be 
attributed to a simple cosine drop-off in thickness with angle. For run 86-670 
the film at 30 ° is 81.7% as thick as the O O film; for run 86-671 the 30 ° film 
is 84. 7% of the O O film. This is within the experimental error in fixing the 
angle since the cos 30 ° = .866. This difference in thickness is also noted in 
the Auger in-depth profiles, figures 9 and 10. 
B. COMPARISON WITH RESULTS FROM OTHER LABS 
In an attempt to resolve the measurement problems sample 86-671-0 ° was 
sent to an outside lab for comparison measurements {44). They measured R 
and T by several methods using a Beckman DK-2A and a Perkin-Elmer 330 
spectrophotometer with both specular reflectance attachment and integrating 
sphere. They measured R' = 31 % and T = 69% at 1050 nm. This agrees 
well with the above results {30.7% R and 69.3% T at 1045 nm). 
~. 
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C. COMPUTER VERIFICATION 
An HP Q836 was used with an optical thin film evaluation program, 
FILM*STAR (45) to verify the accuracy of the results. As an example, 
reflectance was calculated using the dispersion tables generated for run 86-
670. The values of R and A agree very well at the turning points as can be 
<", 
,.. 
seen in figures 22 and 23. 
V. SUMMARY AND CONCLUSIONS 
Thin films of Ti02 were deposited by reactive evaporation at angles of O 0 
and 30 ° • Hadley's spectrophotometric method was used to determine index 
of refraction, n, extinction coefficient, k, and physical thickness, d on these 
films in the wavelength range of 600-2500 nm. This method can be applied 
to any transparent or weakly absorbing film of sufficient thickness (greater 
than 200 nm for one quarter-wave in this wavelength range). Problems were 
encountered measuring R which might be avoided by using an integrated 
sphere rather than a specular reflectance attachment. However, consistent 
results were obtained which agree with theoretical calculations. 
I' 
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Wavelenoth (nm) Re f 1 e c t an c e < /'; ) 
<~ 
TABLE 1 
-
6CI (I R9 C' -· • I ._I 
632.8 9 ·"j .i. ' ..._ I I..} 
. C' - a;•·-:. ·=· 6 ._1 l_l .• ._1 a \.,.I 
7(1 (I ..,.. 5 7 • I I 
--,c:'J / ._1 I ~· ~ !=i ·-· . '-
oo-
._. u 97.0 
850 97.2 
900 97.3 
95(1 97.4 
1000 97.5 
11] 6 (1 97.6 
110 0 97.6 
12(10 ~·7 I 7 
1 :30 (I 97
-, 
. { • l 
1 50 (I •;a7 7 ' I I { 
1750 97.8 
2 (11) lj - .., -. , ( . ::: 
'J ·?C'(l 
~--....J-
97.8 
2500 97.8 
·Reflectance vs wavelength for NBS first 
surface oold mirror SRM 2011 serial #22 
-
.. 
~. 
·. 
<-------- RS MEASURED------~> <-------- COQRECT FOR ZERO---> <----- C~CT FOR lOOZ -----> 
lambda z•ro 100-/. (Au) U"lCoated coat.d z•ro lOOY. (Au) uncoated coated ze-r
o 100-/. <Au> l.Jf')COated coated 
Ro• 3 1737 0.1 99.1 6. 6 31.9 0.0 99.0 6. 5 3
1. B 0.0 97.8 6 .• 31.4 
312/87 .. 1325 0.1 99.2 6.7 6.7 0.0 99.1 6.6 
6.6 0.0 97.7 6.5 6.5 
5 1062 0.1 99.3 6.9 33.0 0.0 99.2 6.B 3
2.9 0 .. 0 97.6 6.7 32.4 
R fro,- 6 900 0.1 9C3.0 7.0 7.0 0.0 98.9 6.9 6.9 
0.0 97.3 6.8 6.8 
· film side 7 747 0 .. 1 98.0 7.0 34.3 0.0 97 .. 9 6.9 
34.2 0.0 96.5 6.8 33.7 
e 684 0.1 97.B 7.0 7.3 0.0 97.7 6. 9 7.2 0.0 
CJ41. 5 6.7 7.0 
9 612 0 .. 1 97.8 7.3 38.4 0.0 97.7 7.2 38.3 
0.0 89.5 6.6 35. 1 
Ro'' 3 1737 0 .. 2 9CJ. 1 6.6 33.9 0.0 98.9 6.4 
33.7 0.0 97.8 6 .. 3 33.3 
3/2/87 .. 1325 0.2 99.2 6.7 6.7 0.0 99.0 6.5 
6.5 0 .. 0 97.7 6.4 6.4 
5 1062 0.2 99.3 6.9 34.6 0.0 99.1 6.7 34.4 0
.0 97.6 6.6 33.9 
R fro,- 6 900 0.2 99.0 7.0 7.0 0.0 98.8 6.8 6.8 
0.0 97.3 6.7 6.7 
substrat.•. 7 747 0.2 98.0 7.0 36.0 0.0 97.8 6.B 
35.B 
, 0.0 96.5 6.7 35.3 
-
side e 684 0.2 97.B 7.0 7.3 0.0 97.6 ~6.B 
7. 1 0.0 ~-5 6.6 6.9 
9 612 0.2 97.8 7.3 40.0 0.0 97.6 7.1 39.B 
0.0 99.S 6.5 36.S 
To 3 1766 0.2 100.1 94.4 70.3 0.0 99.9 94.2 
70. 1 0.0 100.0 94.3 70.2 
2/25/97 4 1337 0.2 100.2 94.6 94.6 0.0 100.0 94.4 
94.4 0.0 100.0 94.4 94.4 
5 1077 0.3 100.2 94.3 69.6 0.0 99.9 94.0 69.3 
0.0 100.0 94 .. 1 69.4 
> L trans- 6 908 0.3 100.3 93.9 93.9 0.0 100.0 93.6 93.6
 0.0 100.0 93.6 93.6 
l,.) 
.. i t..t..~nc. 7 782 0.0 100.2 93.7 66.6 0.0 100.2 93.7 
66.6 0.0 100.0 93.5 66.5 
~ 
I B 692 0.0 100.2 93.5 92.B 0.0 100.2 93.5 9
2.8 0.0 100.0 93.3 92.6 
9 623 0.0 100.2 93.4 &4.5 0.0 100.2 93.4 64.5 
0.0 100.0 93.2 64.4 
CORRECTED FOR EflCKSl.RFA:E FILN PFRAt1ETE~ F~ 
REFLECTANCE ANO NORHRLIZEO HADLEY'S MET..00 
lambda subst.rat• l••bd• ------------------------------------· ---- ---- -~ .. . -
• av@rag«! ind•>< R' 
T R'+T Ts - T • •v•rag. lambda n k d <na> 
3 1747 1. 44157 29.3 70.7 100.0 3 1747 
17'47 2.201 0.000 595 
4 1329 1.44659 3.3 96. 7 100.0 .0 4 1329 
5 1067 1.44960 30.2 69.8 100.0 5 1067 
1066 2.233 O.CDJ 595 
6 903 1.45172 3.6 96.4 100.0 0.2 6 903 
I 7 759 1.45407 32.1 67.9 100. 0 7 759 
779 2.290 0.(l)() 595 
e 687 1.45560 3.8 95.8 99.6 o.e 8 687 
9 616 1.45753 33.6 65.9 99.5 9 616 
619 2.345 0.001 S95 
TABLE 2 Run • 86-670-D Ti02 on F••.d au.-t.z 
Co•t.d nor .. 1 to ttw v~ st.r• .. 
• 
• 
m lambda 
Ro' 3 1410 
3/'2/87 4 1071 
5 865 
R fro-. 6 728 
Fi Im side 7 627 
Ro'' 
3/2/87 3 1393 
4 1050 
R frotn 5 s•q 
substrate 6 717 
side 7 618 
To 2 2065 
2/25/87 3 1392 
I .. 4 1060 w 
Vl trans- s 857 
I ,-ittance 6 724 
7 627 
,. 
lambda 
m average 
' 
3 1398 
4 1060 
5 857 
6 723 
7 624 
<--~----- AS MEASURED--------> 
zero 100% <Au> uncoated coated 
0.1 97.8 6.7 30.2 
0.2 97.7 6.9 7.2 
0.1 97.8 6.8 31. 2 
0.2 98.0 7.0 7.6 
0.2 98. 1 7.2 34.9 
0.1 97.8 6.7 31. 5 
0.2 97.7 7.0 7. 1 
0.2 98.0 6.9 32.7 
0.2 98.0 7.0 7.6 
0.2 97.7 7.3 36.7 
0.1 100.0 94.5 9-4.2 
0.1 100.2 94.3 72.3 
0.3 100.2 94.2 9-4.2 
0.0 100.2 93.8 69.7 
a.a 100.2 93.6 93.0 
0.0 100.2 93 .• 67.8 
CORRECTED FOR BACKSURFACE 
REFLECTANCE AND NORMALIZED 
substrate 
index R' T R'+T 
1. 44580 27.7 72.3 100. 0 
l. 44968 3.8 96.2 100. 0 
1. 45239 29.0 71. 0 100.0 
1. -45479 4.1 95.9 100.0 
l. 45728 30.8 69.2 100.0 
l 
<-------- CORRECT FOR ZERO---> 
zero 100% (Au) uncoated coated 
0.0 97.7 6.6 30. 1 
0.0 97.5 6.7 7.0 
0.0 97.7 6 .. 7 31. I 
0.0 97.8 6.8 7.4 
0.0 97.9 7.0 34.7 
0.0 97.7 6.6 31. 4 
0.0 97.5 6.8 6.9 
0.0 97.8 6.7 32.5 
0.0 97.8 6.8 7.4 
0.0 97.5 7. I 36.5 
0.0 100.0 94 .• 94. I 
0.0 100.0 94.2 72.2 
0.0 100.0 93.9 93.9 
0.0 100.0 93.8 69.7 
0.0 100.0 93.6 93.0 
0.0 100.0 93 .• 67.8 
. 
• 
lambda 
Ts - T average 
3 1399 
0 ... 4 1060 
... s 857 
0.7 6 723 
7 624 
,__ 
<----- C~~ECT FOP 100% -----> 
ZPro 100% (Au) uncoated coated 
0.0 97.7 6.6 30. 1 . 
0.0 97.6 . 6. 7 7.0 
0.0 97.2 6.7 30.9 
0.0 96.1 6.7 7.3 
0.0 92.1 6.6 32.6 
0.0 97.7 6.6 31.4 
0.0 97. 6 6.8 6.9 
0.0 97.2 6.7 32.3 
0.0 96.0 6.7 7.3 
0.0 91. 0 6.6 34. I 
0.0 100.0 94 .• 94.1 
0.0 100.0 94'.2 72.2 
0.0 100.0 93.9 93.9 
0.0 100.0 93.8 &9.7 
0.0 100.0 93.6 '33.0 
0.0 100.0 93 .• 67.8 
FILM PARAMETERS FROM 
HADLEY'S METHOD 
------------------------------------
-----------------------------------· 
lambda n k d <n•> 
1398 2.158 0.000 -486 
857 2.201 0.000 486 
627 2.257 0.000 486 
TABLE 3 Run a 86-670-30 Ti02 on Fused Cuartz 
Coated at 30 Degrees to th@ Vapor Stream 
• 
<-------- AS MEASURED --------> <-- --- ---- CORRECT FOR ZERO ---> <----- CORPECT FOR 100% - -- - - .. > 
m lambda zero l 00'.% <Au> uncoatPd coated zer-o 100~.-'.'. <Au> uncoated ct>ated zero 100% (Ru) uncoated coated 
Ro' 3 1713 0.3 98.0 6.8 32.3 0.0 97.7 6.5 32.0 0.0 97.8 6.5 32.0 
3/2/87 4 1303 0.4 98.7 7.0 7.0 0.0 98.3 6.6 6.6 0.0 97.7 6.E. 6.6 
5 1052 0.5 98.7 7.2 34.2 0.0 98.2 6.7 33.7 0.0 97.6 6.7 33.5 
R fro .. 6 882 0.5 99.0 7.2 7.3 0.0 98.5 6.7 6.8 0.0 97.3 6. E, 6.7 
Film side 7 757 0.6 99.2 7.3 35.2 0.0 98.6 6.7 34.6 a.a 96.5 6.6 33.9 
8 672 0.5 99.1 7.4 7.4 a.a 98.6 6.9 6.9 0.0 94.5 6.6 6.6 
g 600 0.5 98.9 7.9 39.9 0.0 98.4 7. 4 3g_4 0.0 89.5 6.7 35.B 
Ro'' 3 1725 0.3 98.2 6.8 33.5 0.0 97.9 6.5 33.2 0.0 97.8 6.5 33.2 
312/87 4 .1313 0.4 98.2 6.9 6.9 0.0 g7. 8 6.5 6.5 0.0 97.7 6.5 6.5 
5 1057 0.4 98.2 7.0 34.7 0.0 97.8 6.6 34.3 0.0 97.6 6.6 34.2 
R fro,n 6 892 0.4 '38.2 7.0 7.0 0.0 97.8 6.6 6.6 0.0 97.3 6.6 6.6 
substrate 7 766 0.4 97.8 7. l 37.0 0.0 g7. 4 6.7 36.6 0.0 '36.6 6.6 36.3 
side 8 679 0.4 98. 1 7.2 7.3 0.0 97.7 6.8 6.9 0.0 94.8 6.6 6.7 
9 608 0.3 98.3 7.7 41. 7 0.0 '38.0 7.4 41. 4 0.0 90.2 6.8 38. I 
To 3 1725 0.1 100.1 '34.5 71. 1 0.0 100.0 94.4 71. 0 0.0 100.0 94.4 71. 0 
2125/87 4 1300 0.1 100.1 94.7 95. 1 0.0 100.0 94.6 95~0 0.0 100.0 '34.6 95.0 
I 5 1046 0.1 100.2 94.4 70.2 0.0 I 00. 1 94.3 7d-. I 0.0· 100.0 94.2 70.0 
w trans- 6 928 0.1 100.1 93.9 94.0 0.0 100.0 93.8 93.9 0.0 100.0 93.8 93.9 
°' I nit.t.ance 7 763 0.1 100.1 93.8 66.6 0.0 100.0 93.7 E,E,. 5 0.0 100.0 93.7 66.5 
8 673 0.1 100.1 93.6 93.7 0.0 100.0 93.5 93.6 0.0 100.0 93.5 93.6 
9 607 0.1 100.2 93.6 64.9 0.0 100. 1 93.5 64.8 0.0 100.0 93.4 64.7 
CORRECTED FOR BACKSURFACE FILM PARAMETERS FROM 
REFLECTANCE AND NORMALIZED HADLEY'S METHOD . 
lambda substrate lambda ------------------------------------------------------------------------
m average inde>< R' T R'+T Ts - T aver-age lambda n k d (na) 
3 1721 1.44191 29.4 70.6 100.0 3 1721 1705 2.204 0.000 580 
4 1305 1. 44686 3.3 96.7 100. 0 .a 4 1305 
5 1052 1. 44978 30.7 69.3 100.0 5 1052 1045 2.251 
.. 0.000 580 
6 901 1. 45174 3.5 96.5 100.0 0.1 6 901 
7 762 l. 45-401 32.2 67.8 100.0 7 762 762 2.296 0.000 580 
8 675 1. 45589 3.4 96.6 100.0 -0. 1 8 675 
9 605 1. 45787 34. 1 65.9 100. 0 9 605 605 2.360 0.000 580 
TABLE 4 Run• 86-671-0 Ti02 on Fused Ouartz 
Coat•d Nor~~l to th~ V~por Stre~ 
• 
• 
• 
m lambda 
2 2110 
Ro' 3 1422 
3/2/87 4 1077 
5 874 
R from 6 734 
film side 7 632 
Ro'' 2 2115 
3/2/87 3 1433 
4 1081 
R from s 870 
substrate 6 7341 
" 
side 7 633 
. 
To 2 2063 
I 2/25./87 3 1406 
w 4 1073 
....._, 
trans- 5 863 I 
reittance 6 725 
·-- 7 628 
' 
., 
;; 
lafftbda 
m average 
2 2096 
3 1420 
4 1077 
5 869 
6 731 
7 631 
-· 
f 
' 
<-------- AS MEASURED--------> 
zero 100% (Au) uncoated coated 
0. 1 97.9 6.2 6.2 
0.1 97.9 6.6 30.2 
0.1 97.2 6.7 6.7 
0.1 97.5 6.8 31. 3 
0.-2 97.7 6.9 7. 1 
0.2 97.7 7.2 34.2 
0.1 97 .. 9 6.2 6.2 
0.1 97.9 6.6 32.3 
0.1 97.2 6.7 6.7 
0.1 97.5 6.8 . 33. -4 
0.2 97.7 6.9 7.2 
0.2 97.7 7.2 36.7 
0.0 100.0 94.9 94.B 
0.0 100.1 g4_7 73.2 
0.0 100.0 94.S 94.S 
0.0 100.0 93.6 68.9 
-0.1 100.0 93.6 93. 1 
-0.1 100.1 93.6 67.4 
CORRECTED FOR BACKSURFFEE 
REFLECTANCE ANO NORMALIZED 
substrate 
index R' T R'+T 
l. 43665 3.0 97.0 100.0 
1. 44555 27.3 72.7 100.0 
1. 449-48 3.4 96.6 ~00.0 
1.45221 29.4 70.6 ·-IJOO. 0 
1. 45462 3.6 96.4 100.0 
1. 45707 30.5 69.1 99.6 
<-------- CORRECT FOR ZERO---> 
zero 100% <Au) uncoated coated 
0.0 97_9 6. l 6. 1 
0.0 97.8 6.5 30. 1 
0.0 97.1 6.6 6.6 
0.0 97.4 6.7 31. 2 
a.a 97.5 6.7 6.9 
0.0 97.5 7.0 34.0 
0.0 97.8 6. 1 6. 1 
0.0 97.8 6.5 32.2 
0.0 97.1 6.6 6.6 
0.0 ' 97.4 6.7 33.3 
0.0 97.5 6.7 7.0 
0.0 97.5 7.0 36.5 
0.0 100.0 g4_9 94.8 
0.0 100.0 94.7 73.2 
0.0 100.0 94.5 94.5 
a.a 100.0 93.6 68.9 
0.0 100.0 93.7 93.2 
0.0 100.0 93.7 67.5 
lambda 
Ts - T .. average 
-0.2 2 2096 
3 1420 
.0 4 1077 
s 869 
0.2 6 731 
7 631 
<----- CORRECT FOR 100% ------> 
zero 100% <Pu> uncoated coated 
0.0 97.8 6.1 6. 1 
0.0 97.7 6.5 30. 1 
a.a 97.6 6.6 6.6 
0.0 97.2 6_7 31. 1 
0.0 96. 1 6.6 6.8 
0.0 92. 1 6.6 32. 1 
a.a 97.8 6.1 6. 1 
0.0 97.7 6.5 32.2 
0.0 97.6 6.6 6.6 
0.0 97.2 6.7 33.2 
0.0 96.2 6.6 6.9 
0 .. 0 92.3 6.6 34.6 
0.0 100.0 94 ~ CJ 94.8 · 
0.0 100.0 94.7 73.2 
0.0 100.0 94 .. 5 94.5 
0.0 100.0 93.6 68.9 
0.0 100.0 93.7 93.2 
0.0 100.0 93.7 67.S 
FILM PAQAHETERS FRCl1 
HADLEY'S METHOD 
-----------------------------------
lambda n k d (na) 
1405 2. 147 0.000 491 
869 2.212 0.000 491 
631 2.250 O.CXJO ' ' 491 
TABLE 5 Run• 86-671-30 Ti02 on Fused Duartz 
Co•ted At 30 Oegr••s to the Vapor Str-•am 
• 
' 
Average Ro/ (%) 
Wavelength Normal 
m (nm) Correction 
Ro'° (%) 
Eliminate 
Back surface 
Difference 
( ~~) 
3 
4 
5 
6 
7 
8 
. ' 
1721 30.3 30.2 0 • 1 
1305 3.3 3.2 0 • 1 
1052 31 • 8 31 • 4 0.4 
901 3.5 :3. 3 0.2 
762 32.3 32.4 -0.1 
675 3.4 3.4 0 
TABLE 6 Ro/ at the quarter and half-wave points 
for backsurface corrected data vs. data 
taken with second surface reflectance 
- 38 -
.,,, . 
.. 
... 
l 
I 
measured 
diameter 
<mm) 
20.0 
29.4 
30.0 
37.3 
41.5 
42.2 
47.8 
51 • •;, 
56.0 
' 
calculated 
d spacing 
; (A) 
3.53 
2.40 
2.36 
1 I 89 
1 • 70 
1 • 67 
1 I 48 
1 . 36 
1.26 
,. 
JCPDS - Anatase 
d spacing hKl 
(A) 
3.52 101 
'? 4 •::, ~ . -...) 1 0 :3 
2.38 004 
2 'i·1 
• .::J -~ 112 
1 . 89 200 
1 . 70 105 
1 • 6 7 211 
1 . 49 213 
1. 48 204 
1 . 36 116 
1 • 34 220 
1 . 28 107 
1 I 26 215 
Table 7 TEM Diffraction Analysis of Ti02 
Deposited at Normal Incidence 
measured calculated JCPDS - Anatase 
I/I 1 
100 
10 
20 
10 
35 
20 
20 
4 
14 
6 
6 
<2 
10 
diameter d spacing d spacing hKl I/I1 
(mm) (A) (A) 
20.0 3.53 3.52 101 
2.43 103 
29.2 2.42 2.38 004 
30.1 2.35 •j ~3 L. • ._ 112 
37. 2· 1 • 90 1 • 89 200 
41. 5 1 • 70 1 I 70 105 
42.2 1 • 67 1. 67 211 
1 . 49 213 
47.6 1 I 48 1. 48 204 
51 I 6 1 • 37 1 I 36 116 
52.8 1 • 34 1 I 34 220 
1. 28 107 
55.9 1 • 26 1. 26 215 
Table 8 TEM Diffraction Analysis of Ti02 
Deposited at 30 Degrees 
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